Graphical Abstract Highlights d Behavioral state transitions is paralleled by a cortex-wide increase in [K + ] o d Increased [K + ] o depolarizes cortical neurons and amplifies their excitability in vitro d State-dependent visual gain modulation is recreated by local changes in [K + ] o d Increasing motor cortical [K + ] o enhances L5 spiking and improves motor performance SUMMARY Brain state fluctuations modulate sensory processing, but the factors governing state-dependent neural activity remain unclear. Here, we tracked the dynamics of cortical extracellular K + concentrations ([K + ] o ) during awake state transitions and manipulated [K + ] o in slices, during visual processing, and during skilled motor execution. When mice transitioned from quiescence to locomotion, [K + ] o increased by 0.6À1.0 mM in all cortical areas analyzed, and this preceded locomotion by 1 s. Emulating the state-dependent [K + ] o increase in cortical slices caused neuronal depolarization and enhanced input-output transformation. In vivo, locomotion increased the gain of visually evoked responses in layer 2/3 of visual cortex; this effect was recreated by imposing a [K + ] o increase. Elevating [K + ] o in the motor cortex increased movementinduced neuronal spiking in layer 5 and improved motor performance. Thus, [K + ] o increases in a cortex-wide state-dependent manner, and this [K + ] o increase affects both sensory and motor processing through the dynamic modulation of neural activity.
In Brief
The brain's response to sensory input is strikingly modulated by behavioral state, but the mechanisms governing this effect remain unclear. Rasmussen et al. show that behavioral transitions are accompanied by stereotypical cortexwide changes in extracellular K + , capable of regulating sensory and motor processing through the modulation of neural activity.
INTRODUCTION
Behavioral responses to sensory inputs are powerfully influenced by the ongoing and constantly fluctuating internal brain state (Harris and Thiele, 2011; Lee and Dan, 2012; Poulet and Crochet, 2019 ). Yet, it is unclear how the brain can effectively switch between and maintain different brain states. During movement and periods of increased arousal, the cerebral cortex transitions into an active, desynchronized state compared to the slow, synchronized state during quiescence (Bennett et al., 2013; Crochet and Petersen, 2006; Polack et al., 2013; Poulet and Petersen, 2008) . The active cortical state has a substantial functional impact, as it is accompanied by marked changes in sensory processing (Castro-Alamancos, 2004; Crochet and Petersen, 2006; Otazu et al., 2009) . For example, visually evoked responses in the visual cortex are amplified when mice are locomoting and neurons are in a depolarized and desynchronized state (Bennett et al., 2013; Dadarlat and Stryker, 2017; Neske and McCormick, 2018; Niell and Stryker, 2010; Polack et al., 2013) , and this is linked to enhanced visual detection performance (Bennett et al., 2013) .
Despite substantial progress, our knowledge about the mechanisms mediating state-dependent modulation of sensory processing remains incomplete. A variety of factors could be orchestrating the neural activity changes reported in the cortex of awake behaving mice: thalamic excitatory inputs (Poulet et al., 2012) , disinhibition (Fu et al., 2014) , or neuromodulator signaling (Eggermann et al., 2014; Polack et al., 2013; Schiemann et al., 2015) . However, given the cortex-wide nature of awake brain states, alternative non-synaptic mechanisms could be acting over a slower timescale to support the stability of distinct states. The extracellular ionic environment, which surrounds all neurons, is a possible candidate mechanism for this. A number of recent studies have begun to challenge the notion that ion changes are merely epiphenomenal; extracellular ion concentration changes have been causally implicated in the generation of rhythmic locomotor activity in the spinal cord (Brocard et al., 2013) , the sleep-wake cycle (Ding et al., 2016; Rasmussen et al., 2017) , the emergence of neuronal oscillations (Bazhenov et al., 2004; Krishnan et al., 2018) , and sleep duration, and architecture is critically influenced by K + channels (Cirelli, 2009; Cirelli et al., 2005; Tatsuki et al., 2016; Yoshida et al., 2018) . Because the concentration of extracellular K + ions strongly modulates the membrane potential (V m ), excitability and spiking of neurons (Balestrino et al., 1986; Brocard et al., 2013; Frö hlich et al., 2008; Octeau et al., 2019; Poolos et al., 1987; Shih et al., 2013; Tong et al., 2014; Wang et al., 2012) , [K + ] o changes could theoretically be involved in driving the neural activity transition from quiet to active wakefulness (Rasmussen et al., 2017) . However, the dynamics of cortical [K + ] o during awake brain states and their influence on neuronal processing remain to be established.
Here, we used K + -sensitive microelectrodes to characterize the dynamics of [K + ] o in multiple cortical areas and layers during awake brain state transitions and manipulated [K + ] o in slices, during visual processing, and during skilled motor behavior. Our results show that [K + ] o increases globally by $0.7 mM across the cortex when mice transition from quiescence to locomoting; this [K + ] o rise precedes locomotor onset by $1 s, remains elevated until the offset of locomotion, and is sensitive to suppression of local excitatory transmission. The statedependent [K + ] o shift is sufficient to tonically depolarize cortical neurons and enhance their input-output transformation in slices. In layer (L) 2/3 of the visual cortex, locomotion multiplicatively increases the gain of visually evoked neuronal responses, and this effect is fully recreated by increasing [K + ] o locally, while raising [K + ] o in the motor cortex increases motor-related L5 spiking and improves precise motor behavior. Together, these data suggest that state-dependent cortex-wide changes in [K + ] o are capable of regulating sensory and motor processing in behaving animals through the modulation of neural activity.
RESULTS

Motor Cortical [K + ] o Consistently Increases Prior to Behavioral State Change
A well-characterized state change occurs across widespread cortical areas when mice transition from being stationary to running (Bennett et al., 2013; McGinley et al., 2015; Polack et al., 2013; Reimer et al., 2014; Schiemann et al., 2015) . Does [K + ] o exhibit systematic changes during this transition? Mice were accustomed to spontaneously running on a cylindrical treadmill, while [K + ] o and the local field potential (LFP) were recorded in L2/3 of the motor cortex ( Figure 1A ). Mice freely alternated between running and being stationary, with the latter defined as periods when the mouse did not rotate the treadmill (running velocity < 1 cm/s). During recording sessions from six animals, [K + ] o spanned a range of 2.7 to 5.4 mM (median = 3.5 mM) and was on average 3.7 ± 0.17 mM (mean ± SEM); notably, [K + ] o was non-normally distributed and skewed to the right ( Figure 1B ; p < 0.001, one-sample Kolmogorov-Smirnov test; skewness = 1.31, kurtosis = 8.35). We investigated if this skewness was related to the behavioral state of the animal. Strikingly, running periods tightly correlated with increased [K + ] o in all animals ( Figures 1C-1E ; r = 0.74, p < 0.001, Pearson's correlation coefficient), although the absolute [K + ] o range varied slightly between animals ( Figure 1C ). [K + ] o remained elevated at a plateau throughout running, before reverting to baseline levels when running ceased, and [K + ] o changes were highly reliable across running periods (Figures 1D and 1E) . As expected, transitions from being stationary to running were associated with a clear neuronal state change: 1À4 Hz LFP components greatly reduced during running ( Figure 1D ) (Bennett et al., 2013; Polack et al., 2013; Reimer et al., 2014) . Next, we systematically determined [K + ] o before and during running. This revealed a notable trend for higher [K + ] o during running ( Figure 1F) These data suggest that, in L2/3 of the motor cortex, running periods are reliably associated with a $0.7 mM [K + ] o increase that precedes running onset, which is maintained throughout running (Table S1 ). Hence, changes in [K + ] o accompany motor cortical state transitions and exhibit distinct plateaus that last for the duration of each period of locomotor activity.
Cortical [K + ] o Increases Globally during Behavioral State Change
The motor cortex plays a central role in voluntary movements, and motor cortical neurons change their spike rate during movement (Armstrong and Drew, 1984; Dombeck et al., 2009; Schiemann et al., 2015) . Increased spiking can elevate [K + ] o (Hounsgaard and Nicholson, 1983) , implying that our findings may be exclusive to motor areas. We therefore investigated if state-dependent [K + ] o increases are indeed confined to the motor cortex or whether they are a global cortical phenomenon. To address this, we repeated the previous experiment in the visual cortex, an area not involved in movement execution. Recordings in visual cortex L2/3 revealed that running periods here are also associated with increased [K + ] o (Figure 2A ). As observed in the motor cortex, we found a strong trend for elevated [K + ] o during running ( Figure 2B ). [K + ] o increased on average 0.62 ± 0.05 mM when mice went from being stationary to running (Figure 2C ; p < 0.001, Wilcoxon signed-rank test), and [K + ] o started to increase 0.9 ± 0.12 s prior to running onset (Figures 2D and 2E; p < 0.001, one-sample signed-rank test). Another set of recordings performed in L2/3 of the sensory cortex revealed very similar patterns ( Figure S1 ). [K + ] o dynamics in L2/3 of the visual, sensory, and motor cortex were thus strikingly similar (Table S1 ). We also measured [K + ] o while changing the K + content of the artificial cerebrospinal fluid (ACSF) bathing the visual cortex, from the standard 3.5 mM K + to either 5 or 0 mM K + , in order to manipulate baseline [K + ] o ( Figure S2 ). We found that [K + ] o increased 0.75 ± 0.05 mM and 0.53 ± 0.03 mM with 5 and 0 mM K + ACSF, respectively, when mice transitioned from being stationary to running ( Figure S2 ; p < 0.001 for both comparisons, Wilcoxon signed-rank test). Thus, state-dependent [K + ] o increases persisted across a wide range of baseline [K + ] o levels. Here, it is important to note that [K + ] o increased more with 5 compared to 3.5 mM K + ACSF (p < 0.05, Wilcoxon rank-sum test), and increased less with 0 compared to 3.5 mM K + ACSF (p < 0.01, Wilcoxon rank-sum test), suggesting that baseline [K + ] o plays a role in the magnitude of state-dependent [K + ] o rises.
State transitions are not exclusive to superficial cortical layers; in L4 and L5, neurons also transition into a desynchronized state during movement (McGinley et al., 2015; Schiemann et al., 2015; Zhao et al., 2016) . Therefore, to further elucidate the link between brain state and 
Local Excitatory Transmission Contributes to State-Dependent Changes in [K + ] o
To explore what mechanisms govern the state-dependent increase in [K + ] o , we suppressed local excitatory activity. We recorded [K + ] o and the LFP in L2/3 of the visual cortex in spontaneously running mice before (control) and after topical application of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and (2R)-amino-5-phosphonovaleric acid (AP5), blocking a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-Methyl-Daspartate (NMDA) receptors, respectively ( Figure 3A ). CNQX and AP5 potently reduced broadband LFP power by more than 60% ( Figure S3 ). Following CNQX and AP5 addition, Figure S4 ; r = 0.63, p < 0.001, Pearson's correlation coefficient), and cross-correlation analysis showed that [K + ] o was delayed by $1.1 s relative to MUA spiking ( Figure S4 ). These results suggest that behavioral state-dependent [K + ] o changes in the cortex are sensitive to the suppression of local neuronal activity and correlated with periods of increased neural spiking.
Running-Associated [K + ] o Increase Causes Tonic Depolarization of Cortical Neurons
Next we asked what electrophysiological consequences might occur if we raised [K + ] o to a similar magnitude as that observed when mice transition from being stationary to running (Figures 1, 2, and 3). To explore this, we used whole-cell patch-clamp recordings in cortical slices ( Figure 4A ). We obtained currentclamp recordings from L2/3 pyramidal neurons and measured resting V m : first in 3.5 mM K + ACSF and then switching to 4.5 mM K + , causing a 0.7 mM [K + ] o increase ( Figure S5 ). Importantly, we are aware that the magnitude of state-dependent cortical [K + ] o increases varies between 0.5À1 mM, depending on the baseline [K + ] o level (Figures 1, 2 , S1, and S2). For this experiment we chose to recapitulate the [K + ] o change observed when baseline [K + ] o is $3.5 mM (Figures 1 and 2) , a [K + ] o within normal physiological range (Somjen, 2004) . Experiments were performed in the presence of fast glutamatergic and GABAergic transmission antagonists (Cotel et al., 2013) Figure 4E ; p < 0.001, Wilcoxon signed-rank test) without significantly affecting spike threshold (À46.7 ± 1.7 mV and À47.4 ± 1.8 mV in 3.5 and 4.5 mM K + , respectively, p R 0.05, Wilcoxon signed-rank test), input resistance (112 ± 4.8 MU and 105 ± 3.87 MU in 3.5 and 4.5 mM K + , respectively, p R 0.05, Wilcoxon signed-rank test), or V m variance (28.7 ± 9.2 mV 2 and 22.7 ± 6.9 mV 2 in 3.5 and 4.5 mM K + , respectively, p R 0.05, Wilcoxon signed-rank test). V m shifts profoundly influence neuronal input-output transformations (Chance et al., 2002; Murphy and Miller, 2003) . We asked what effect the V m depolarization, driven by [K + ] o , has on input-output transformations in cortical neurons. To test this, we performed somatic current injection experiments (Figure 4F) , allowing a way of probing the effect of depolarizing currents arriving at the soma on spike output (Cotel et al., 2013; Schiemann et al., 2015) . Raising [K + ] o notably increased excitability, measured by the number of elicited spikes ( Figure 4G ; p < 0.01, Wilcoxon signed-rank test). The average spike rate was on the order of three times higher in 4.5 mM K + compared to 3.5 mM K + ( Figure 4G ). These results suggest that [K + ] o changes of the same magnitude as measured during behavioral state transitions in vivo are capable of causing notable changes in the biophysical properties of cortical pyramidal neurons.
Visually Evoked Responses Are Multiplicatively Gained in the Visual Cortex during Running
Previous work demonstrated that visually evoked responses in the visual cortex are gained when mice are aroused (Bennett et al., 2013; Dadarlat and Stryker, 2017; Neske and McCormick, 2018; Niell and Stryker, 2010; Polack et al., 2013) . However, the detailed mechanisms producing state-dependent gain modulation in the visual cortex are incompletely understood. To probe this, we first measured visually evoked potentials (VEPs) in L2/3 of the visual cortex in awake, spontaneously running mice. To elicit responses, we delivered a 20 ms flash stimulus at different light intensities ( Figure 5A ). Trials were post hoc categorized into ''stationary'' and ''running'' based on the locomotor activity leading up to the visual stimulus (see STAR Methods). We found marked effects of the behavioral state on the amplitude of VEPs, with larger responses being evoked during running compared to being stationary ( Figure 5B ; p < 0.05, Wilcoxon signed-rank test). The slopes of the input-output curves were steeper in the running state compared to the stationary state ( Figure 5C ; p < 0.01, Wilcoxon signed-rank test). Thus, these data add evidence to the state-dependent multiplicative gain modulation previously reported in the visual cortex (Dadarlat and Stryker, 2017; Neske and McCormick, 2018; Polack et al., 2013) . (Drew et al., 2004; Kiehn, 2016; Miri et al., 2017; Orlovsky et al., 1999) , but it may be more pertinent to behaviors requiring skilled motor coordination (Drew and Marigold, 2015; Lemke et al., 2019; Miri et al., 2017; Schiemann et al., 2015) . We observed reliable [K + ] o increases in motor cortex with running ( Figure 1 ). Here, we sought to test if increasing [K + ] o in the motor cortex might have behavioral consequences. For this, we employed a cylindrical treadmill equipped with rungs ( Figure 7A ; Video S1), allowing the precision of contralateral forepaw placements to be assessed, a motor task requiring motor cortex contributions in mice (Schiemann et al., 2015) . Mice performed better on day 5 compared to day 1 ( Figure 7B ; p < 0.05, Friedman test). Interestingly, increasing [K + ] o in the motor cortex by changing the ACSF from 3.5 mM to 5 mM K + , eliciting a $0.7 mM increase in L2/3 [K + ] o ( Figure S5 ), increased the percentage of correct paw placements ( Figures 7C and 7D ; p < 0.05, Wilcoxon signed-rank test) but did not change average running velocity (7.3 ± 0.6 cm/s and 5.8 ± 0.7 cm/s with 3.5 and 5 mM K + , respectively, p R 0.05, Wilcoxon signed-rank test). In contrast, the percentage of correct paw placements did not differ between two consecutive sessions with application of 5 mM K + ACSF ( Figures 7C and 7D ; p R 0.05, Wilcoxon signed-rank test), and the motor performance enhancement with 5 mM K + could be recovered after reverting to 3.5 mM K + ACSF ( Figure S6 ). Output layers of the motor cortex project to midbrain, brain stem, and spinal cord motor circuits (Anderson et al., 2010; Drew and Marigold, 2015; Kiehn, 2016; Oswald et al., 2013) . Because increasing [K + ] o improved motor coordination, we proposed that neural activity in deep motor cortical layers might differ with varying [K + ] o . To test this, we recorded single-unit activity (SUA) from motor cortex L5 ( Figure S7) , with 3.5 or 5 mM K + ACSF ( Figure S5 ), while mice transitioned between being stationary and running on the runged treadmill ( Figure 7E ). Most units showed higher spike rates during running compared to stationary ( Figure 7F Polack et al., 2013) . This mechanism likely evolved to support rapid and flexible adaptation to changes in the environment. A mechanism that globally affects cortical neural activity and amplifies sensory inputs is expected to be highly predictable and robust, since the awake brain constantly shifts back and forth between quiet and active states. In vivo, the V m of neurons exhibits considerable variance. As a consequence, the relationship between V m and spike rate in response to an input follows a power law (Anderson et al., 2000; Haider and McCormick, 2009; Miller and Troyer, 2002; Murphy and Miller, 2003) . This means that tonic V m depolarization can produce multiplicative gain modulation (Murphy and Miller, 2003) . In fact, previous studies have shown that most cortical neurons depolarize by 2À4 mV when animals transition from being stationary to running (Bennett et al., 2013; McGinley et al., 2015; Polack et al., 2013; Reimer et al., 2014; Schiemann et al., 2015) , and this depolarization is thought to drive gain modulation of visual responses during periods of arousal and alertness (Bennett et al., 2013; Polack et al., 2013 ) ( Figure 5 ). Interestingly, the onset of this depolarization occurs 0.2À3 s before the onset of locomotion (Bennett et al., 2013; McGinley et al., 2015; Polack et al., 2013; Reimer et al., 2016; Schiemann et al., 2015; Schneider et al., 2014; Zhao et al., 2016) . However, the mechanism driving this depolarization across the cortex is debated. Theoretical modeling has proposed that subtle changes in extracellular ion composition are sufficient for transitioning neurons into the active state (Rasmussen et al., 2017) .
Here, we report that, during behavioral state transitions, [K + ] o increases by 0.5À1 mM across the cortex (Figures 1, 2, 3 , S1, and S2), capable of depolarizing cortical neurons by 4 mV in slices (Figure 4) . The onset of this [K + ] o rise precedes the onset of running by $1 s (Figures 1, 2, 3 , S1, and S2). Artificially increasing local [K + ] o is sufficient to produce multiplicative gain modulation in the visual cortex in the absence of apparent behavioral state changes ( Figure 6 ). Thus, when As in the visual cortex, we found that [K + ] o in the motor cortex increases consistently before and during locomotion (Figure 1 ), and raising [K + ] o increases the spiking of L5 neurons during movement execution while improving skilled motor performance (Figures 7 and S6 ). These findings are in consonance with previous work showing that L2/3 motor cortical neurons depolarize by 3À4 mV before and during the transition from stationary to running, and this depolarization is correlated with fine motor control (Schiemann et al., 2015) . Interestingly, when [K + ] o in the motor cortex was increased, the ratio of spike rates during running versus being stationary was increased in L5 neurons (Figure 7) , suggestive of [K + ] o -mediated gain modulation. Supporting this notion, previous work found that a population of L5 neurons increases their gain during locomotion, and this gain increase was correlated with a tonic V m depolarization (Schiemann et al., 2015) . Thus, a cortex-wide increase in [K + ] o might act as a general mechanism by which cortical neurons can undergo gain modulation as a function of the ongoing behavioral state and contextual requirements.
Although the neural state change and [K + ] o increases are cortex-wide, not all neurons increase their sensory responsiveness during active behavior. In the barrel cortex, the sensory responses of L2/3 and L4 neurons to passively applied whisker stimulation are smaller during active compared to quiet states (Crochet and Petersen, 2006; Poulet and Crochet, 2019; Yamashita et al., 2013) , and tone evoked responses in L2/3 excitatory neurons in auditory cortex are suppressed during locomotion (McGinley et al., 2015; Schneider et al., 2014; Zhou et al., 2014) . To reconcile these findings with our present data, we propose a general mechanism where a cortex-wide increase in [K + ] o participates in shifting the V m and amplifying the responsiveness of cortical neurons; this effect converges with neural circuit-specific mechanisms, such as the balance of excitatory and inhibitory synaptic barrages, short-term plasticity, neuromodulator signaling, and anatomical connectivity, ultimately scaling neural activity depending on the behavioral state and context. (Brocard et al., 2013; Hounsgaard and Nicholson, 1983; Ransom et al., 2000; Shih et al., 2013) by means of K + efflux through voltage-and neurotransmitter-gated ion channels. Alternatively, [K + ] o may increase via a neural activity independent mechanism, controlled by neuromodulators (Ding et al., 2016) . To dissect the mechanism orchestrating state-dependent [K + ] o changes, it is therefore important to probe the relationship between neural activity and [K + ] o in behaving mice. Here, we report that, in the presence of excitatory transmission antagonists, running-associated [K + ] o increases in L2/3 of the visual cortex is markedly diminished, but not abolished (Figure 3 ), suggesting that local neuronal activity notably contributes to state-dependent [K + ] o dynamics. This view is supported by in vitro experiments showing that NMDA receptor activation leads to [K + ] o efflux, which, in turn, causes synaptic facilitation via retrograde signaling (Shih et al., 2013) . Furthermore, we found that MUA spiking and [K + ] o were well correlated, and [K + ] o was delayed by $1.1 s relative to MUA spiking ( Figure S4 ). This finding appears in congruence with our finding that state-dependent [K + ] o increases rose as a function of increasing baseline [K + ] o (Figure S2 ), suggesting that the overall excitability of the local neural network is an important determinant for the magnitude of [K + ] o increases during running. Interestingly, our findings appear to corroborate previous work showing that CNQX and AP5 application reduces, but does not prevent, the tonic depolarization of L2/3 neurons in the visual cortex when mice transition from being stationary to running: rather, a $0.8 mV depolarization persists (Polack et al., 2013) . This finding, together with the 0.4 mM running-associated increase in [K + ] o while neural activity was suppressed (Figure 3) , seems to suggest that additional mechanisms are contributing to state-dependent [K + ] o changes. Although we cannot fully rule out that the remaining [K + ] o transient stems from incomplete blockage of AMPA and NMDA receptors, we consider this less likely since we used high concentrations of CNQX and AP5, identical to those previously employed in vivo (Mateo et al., 2011) , and we allowed >30 min incubation before assessing the effect in L2/3 (Vinokurova et al., 2018) , resulting in a more than 60% decrease in broadband LFP power ( Figure S3 ). The remaining [K + ] o increase could instead originate from local spiking of axons projecting into superficial layers of V1, such as those from the lateral geniculate nucleus (Cruz-Martín et al., 2014; Roth et al., 2016; Sun et al., 2016) . Alternatively, neuromodulators-in particular, norepinephrine and acetylcholine-have been implicated in mediating state-dependent cortical activity (Eggermann et al., 2014; Fu et al., 2014; Polack et al., 2013; Schiemann et al., 2015) . Outside the CNS, norepinephrine and acetylcholine are well recognized for their role in regulating ion transport (Browning et al., 1977; Clausen and Flatman, 1977; Hildebrand and Brown, 1992; Hirota and McKay, 2006) , and Ca 2+ imaging from cholinergic or noradrenergic axons in the cortex during behavioral state transitions show a striking similarity to [K + ] o dynamics (Larsen et al., 2018; Reimer et al., 2016) . Thus, one might speculate that another mechanism for increasing [K + ] o in the awake cortex is through concerted noradrenergic and cholinergic signaling, as was recently shown in vitro (Ding et al., 2016) . Such a hypothesis has yet to be tested in vivo, but could be explored by local optogenetic activation of cholinergic or noradrenergic axons (Meir et al., 2018) while simultaneously measuring [K + ] o during local neural activity suppression.
Future Perspectives
Our [K + ] o recordings in behaving animals are the first to document state-dependent cortex-wide increases in [K + ] o when mice transition from quiet wakefulness to locomotion. Additional analysis indicated that the [K + ] o increases were potent for modulating both sensory gain and motor output and performance. In future studies, it will be of critical importance to investigate the contribution of [K + ] o in sensory processing in other cortical and extracortical areas than those studied here. Furthermore, it will be central to directly assess the causal role of [K + ] o in mediating brain state shifts and the role of [K + ] o in higher-order brain functions, such as attention and decision making. For this, the advent of new methodological tools allowing targeted and tempospatial precise manipulation of [K + ] o will be essential. Clearly, our study is therefore only a first step toward a comprehensive description of [K + ] o during behavior.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE
LEAD CONTACT AND MATERIALS AVAILABILITY
This study did not generate new unique reagents. Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Maiken Nedergaard (maiken_nedergaard@urmc.rochester.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals
All experiments carried out at University of Rochester Medical Center complied with the NIH Guide for the Care and Use of Laboratory Animals and in accordance with guidelines approved by the institute ethics committee for the care and use of animals. All experiments performed at the University of Copenhagen were approved by the Danish National Animal Experiment Committee and were in accordance with European Union Regulations. Animals were wild-type C57BL/6J mice aged 8À12 weeks of either sex (Charles River), maintained on a 12-hour light/dark cycle. Mice were kept in individually ventilated cages with bedding and nesting material. Health monitoring was according to FELASA Guideline 2014. REAGENT 
METHOD DETAILS Surgeries
A lightweight metal plate was affixed to the skull using a combination of cyanoacrylate and dental cement under isoflurane (1.5%) anesthesia. Mice were allowed to recover for 2À3 days following surgery and were then accustomed to head fixation in the experimental setup on the treadmill. Mice received no reward during or after training sessions; they were neither food-nor water-deprived before placed on the treadmill. After 3À5 days of habituation, circular craniotomies with the dura left intact were performed above motor, visual or sensory cortex (2À3 mm in diameter) under isoflurane anesthesia using stereotactic coordinates (motor cortex: 0.13À1 mm anterior, 1.5À2 mm lateral; visual cortex: 3À4 mm posterior, 2.5À3 mm lateral; and sensory cortex: 1À1.5 mm posterior, 3À3.5 mm lateral, all relative to bregma), and the cortical surface was thereafter kept moist with standard ACSF containing (mM): 125, NaCl 3.5 KCl, 1 CaCl 2 , 0.8 MgCl 2 , 10 HEPES. Animals were allowed to recover for 60 min prior to recordings, time during which the craniotomy was covered with a silicon elastomer (KWIK-CAST, WPI) to protect the cortical tissue.
Cylindrical treadmill setup
To record locomotor activity we custom-built a cylindrical treadmill equipped with a magnetic rotary encoder (MAE3 Absolute Magnetic Kit Encoder, US DIGITAL) mounted on the treadmill axis to record angular position at a sampling rate of 10 kHz (synchronized to [K + ] o and LFP signals). The encoder generated an output of 0À5 V, corresponding to 0 to 360 . Afterward, we transformed the 0À5 V signal into linear velocity (cm/s) and this measure was used for all further analyses. The percentage of time mice spent walking/running (velocity > 1 cm/s) varied from mouse to mouse, but was approximately 35À45% overall. To determine the onset of running, the treadmill velocity trace was first filtered with a moving median filter (window size: 30 data points). Next, the filtered trace was binarized using a threshold definition of 1 cm/s (Niell and Stryker, 2010) and all running onset time points determined.
To prevent running bouts where [K + ] o had not fully returned back to baseline being analyzed, we only used running onsets > 30 s after the end of the preceding running period: this value was based on the empirical observation that [K + ] o returned fully to baseline within $8À10 s of the mouse stopping running.
[K + ] o and LFP/MUA measurements To detect changes in K + in the extracellular environment we made K + -sensitive microelectrodes as previously described (Ding et al., 2016; Wang et al., 2012) . In brief, single-barreled glass microelectrodes (1.17/1.5 inner/outer diameter, Sutter Instruments) were pulled to a tip size of < 2À3 mm using a vertical puller (PC-100, Narishige Japan). Microelectrodes were silanized with dimethylsilane (Fluka, Sigma) and loaded with an $300 mm column of valinomycin-based K + ion-exchange resin at the tip (potassium ionophore I -cocktail B, Fluka, Sigma), and backfilled with 150 mM KCl. The reference microelectrode, used for measuring the LFP and MUA, was filled with standard ACSF. The two microelectrodes were connected to head stages (CV-7B, Axon Instruments) of a MultiClamp 700B amplifier (Axon Instruments) and the signals digitized with an Axon Digidata 1440A digitizer (Axon Instruments). The microelectrodes were calibrated in 2.5, 3.5 and 4.5 mM K + ACSF before and after all experiments, and typical voltage responses were 5À6 mV per 1 mM change in K + concentration. The microelectrodes were positioned 150À300 mm (L2/3) or 500À1000 mm (L5) below the pial surface and with $50 mm between the tips of the microelectrodes. Both [K + ] o and LFP/MUA signals were acquired at 10 kHz using Clampex 10.2 software (Axon Instruments). To convert the acquired voltage signal into [K + ] o (mM), custom-made MATLAB procedures employing a modified Nikolsky equation (Ding et al., 2016; Wang et al., 2012) were used:
Where [K + ] o is the extracellular K + concentration (mM); 150 is the concentration of KCl (mM) backfilled into the microelectrode; E subtracted is the voltage signal from the K + electrode subtracted the voltage signal from the reference electrode (mV); E 0 is the electrode offset (mV); and m is the slope of the regression line constructed from the standard solutions (2.5, 3.5, and 4.5 mM K + ACSF). In brief, first the reference signal was subtracted from the K + -sensitive signal to cancel out any DC shifts, yielding E subtracted . Next, the offset (E 0 ) and slope (m) of the linear regression line were determined from the standard curve measurements, and the full E subtracted signal converted into mM using Equation 1. Afterward the [K + ] o signal was down-sampled to 200 Hz. The raw, broadband LFP signal was obtained by band-pass filtering the signal from the reference electrode between 0.1À100 Hz using a 5 th order Butterworth filter and afterward down-sampled to 200 Hz. For sample 1À4 Hz LFP traces, the raw broadband LFP was further band-pass filtered using a Butterworth filter. To determine LFP power content, we used the bandpower function and afterward converted the signal into dB using the pow2 db function in MATLAB. MUA was determined by band-pass filtering the signal from the reference electrode between 300À3000 Hz using a 5 th order Butterworth filter (Zagha et al., 2015) . MUA spikes were afterward determined as threshold crossings well isolated from the background noise (> 2 3 amplitude), and spike rates were obtaining by summing spikes in 10 ms time bins.
Manipulating [K + ] o
This method was adapted from a previous publication that tested the causal implications of extracellular ion changes on neural activity (Ding et al., 2016) . Figure S5) . Additionally, in a subset of experiments, we measured [K + ] o dynamics during behavioral state changes with 0 mM K + ACSF covering the cortex ( Figure S2 ). For this we used ACSF containing (in mM): 128.5 NaCl, 0 KCl, 1 CaCl 2 , 0.8 MgCl 2 , 10 HEPES. The same approach was used to design the two ACSF solutions for slice experiments. We conducted exploratory experiments to determine the shift in [K + ] o 50À100 mm below the slice surface resulting from altering the K + concentration in the ACSF superfusing the slice. One solution mimicked the [K + ] o measured when mice were stationary and one increased [K + ] o by 0.5À0.8 mM, as measured during running. ''Stationary slice ACSF'' contained (in mM): 126 NaCl, 3.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 10 glucose; ''Running slice ACSF'' contained (in mM): 125 NaCl, 4.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 10 glucose. The effect of these two solutions on [K + ] o in cortical slices was validated using K + -sensitive microelectrodes ( Figure S5 ).
Cortical slice preparation
All slices used for [K + ] o measurements and whole-cell patch-clamp recordings were prepared as described previously (Ding et al., 2016; Wang et al., 2012) . In brief, mice were anesthetized using 3.5% isoflurane in a closed chamber, decapitated, and whole brains rapidly extracted and immersed in ice-cold cutting solution containing the following (mM): 230 sucrose, 2.5 KCl, 0.5 CaCl 2 , 10 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 10 glucose. Coronal cortical slices containing sensory or motor areas (300 mm thick) were prepared using a vibratome (Leica VT1000S). Slices were then transferred to beakers containing oxygenated standard slice ACSF containing (mM): 126 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 10 glucose. Slices were here incubated for 1-5 h at room temperature before being used for recordings. For measuring [K + ] o in cortical slices, the same overall procedure as used in vivo was employed, with microelectrodes positioned 50À100 mm below the surface of the slice and the tips < 10 mm apart.
Slice electrophysiology
Whole-cell patch clamp experiments in slices were performed as previously described (Wang et al., 2012) . All recordings from cortical L2/3 pyramidal neurons were obtained at a depth of 50À100 mm below the surface of the slice. Membrane potentials (V m ) were recorded under the current-clamp configuration with a MultiClamp 700B amplifier (Axon Instruments), low-pass filtered at 8 kHz, and digitized at 20 kHz with an Axon Digidata 1440A digitizer (Axon Instruments). No bias currents were injected (I = 0) unless indicated. Patch microelectrodes typically had a resistance of 6-8 MU when filled with internal solution containing (mM): 140 K-gluconate, 5 Na-phosphocreatine, 2 MgCl 2 , 10 HEPES, 4 Mg-ATP, and 0.3 Na-GTP, pH adjusted to 7.3 using KOH. Cells were visualized with differential interference contrast optics on an upright microscope (BX51WI, Olympus). Distance to spike threshold was determined as the voltage difference between the resting V m and the spike threshold, located as the kink in the spike waveform (Wilson et al., 2016) . To determine input resistance we applied repeated +10 mV voltage steps (500 ms duration, 1 s between steps) in the voltage-clamp configuration, i.e., stepping the V m from À80 mV to À70 mV, and then offline measured the amplitude of the responding change in current. From Ohm's law we then calculated the input resistance in both 3.5 and 4.5 mM K + ACSF. To measure excitability we performed five consecutive depolarization current in the current-clamp configuration of 140 pA (pulse duration 300 ms). The holding potential was initially set at À80 mV when the slice was superfused with 3.5 mM K + ACSF. Data analysis was performed offline in MATLAB using standard custom-made procedures.
Pharmacology
For in vivo experiments employing excitatory glutamatergic antagonists, these were purchased from Tocris (CNQX 0190, AP5 0106) and dissolved in standard 3.5 mM K + ACSF on the day of experiment from concentrated aliquots to final concentrations of 0.8 mM and 1.6 mM for CNQX and AP5, respectively (Mateo et al., 2011) . CNQX/AP5 was topically applied with 30 min incubation before evaluating the effect (Vinokurova et al., 2018) . For cortical slice experiments, glutamatergic antagonists were dissolved in standard ACSF on the day of experiment from concentrated aliquots, to final concentrations of 20 mM and 50 mM for CNQX and AP5, respectively (Cotel et al., 2013) . To block fast inhibitory GABAergic synaptic transmission in slice experiments, Gabazine was purchased from Tocris (SR 95531 hydrobromide) and dissolved in standard ACSF on the day of the experiment from concentrated aliquots to a final concentration of 10 mM (Cotel et al., 2013) .
Visual stimulation and VEP recordings
For visual stimulation experiments, we stimulated the contralateral eye of awake mice with a 20 ms whole-field light flash from a 430 nm LED (Prizmatix) placed at a consistent height and distance from the eye. The visual-evoked potential (VEP) triggered was recorded using an ACSF-filled glass microelectrode and sampled at 20 kHz. Averages of responses to visual stimulation were calculated from 6-8 trials of stimulation at each light intensity level, with an interstimulus interval of 30 s. In experiments manipulating [K + ] o we randomly applied ACSF containing either 3.5 or 5 mM K + to the craniotomy, and afterward switched to ACSF with the other K + concentration. To categorize visual stimulation trials into ''stationary'' and ''running'' in the awake, spontaneously running mice, we used the running activity as a discriminator. In brief, recordings were acquired in event-triggered sweep-mode, with each sweep having a length of 30 s, with 15 s of data recorded before the light stimulation. To designate a sweep as ''running,'' the treadmill velocity at the time of the visual stimulation onset had to exceed 1 cm/s; otherwise the sweep was categorized as ''stationary.'' To assess VEP gain, we measured the amplitude of the early, short-latency negative voltage deflection of the VEP. To probe multiplicative-like gain modulation we used the slope of linear functions fitted to each input-output curve (i.e., light intensity versus voltage amplitude), and compared slopes across experimental groups. Additive gain was expected to change the absolute VEP amplitudes, without affecting the input-output curve slopes, whereas multiplicative-like gain was expected to change both the absolute VEP amplitudes as well as the slope of input-output curves.
Motor cortex SUA recordings SUA spiking measurements were obtained with ACSF-filled glass microelectrodes (resistance 6-8 MU) connected to a DP-311 differential amplifier (Warner Instruments) and sampled at 20 kHz using a power1401 digitizer (Cambridge Electronic Design) and Spike2 software (CED, UK) through a small ($1 mm) craniotomy prepared above motor cortex (with the dura carefully removed). SUA recordings were targeted to L5 at depths ranging from 500À1000 mm below the cortical surface and obtained by slowly advancing the microelectrode while monitoring the voltage signal. The SUA signal was band-pass filtered between 300 and 3000 Hz. Afterward, analyses were conducted in MATLAB; spikes were determined as threshold crossings well isolated from the background noise (> 2 3 amplitude) (Zagha et al., 2015) ; and finally aligned to onset of running on the runged treadmill (see details in section below). Mean spike rate curves were obtained by summing spikes in 200 ms bins and averaging across running periods.
Resting spike rate was determined as the average spike rate 2.5À2 s before running onset, and running spike rate as the average spike rate 0À0.5 s after running onset.
Motor coordination assessment
To assess motor coordination, mice were head-restrained and accustomed over 5À6 days to walk/run on a cylindrical treadmill equipped with rungs similarly to previously reported (Schiemann et al., 2015) (Video S1). Contralateral forepaw placements were recorded at 100 frames per second using a high sensitivity CMOS camera (Model: DCC324N, Thorlabs), and were post hoc scored independently and classified as either precise or misplaced (Schiemann et al., 2015) . On the day of the experiment, a 3 mm craniotomy was prepared above motor cortex and mice placed on the runged treadmill. After 60 min of recovery (KWIK-CAST protecting the cortical tissue during this period), video sequences were captured while the craniotomy was bathed in ACSF containing either 5 or 3.5 mM K + (30 min incubation). We randomly first applied ACSF containing 3.5 or 5 mM K + to the craniotomy, and afterward switched to the other concentration. For the control group experiments, instead of changing the ACSF from one concentration to the other, we re-applied ACSF containing the same K + concentration, keeping the total time on the treadmill the same between experimental groups. To depict the variance of the underlying forepaw placement accuracy, 10000 bootstrap samples (randomly sampled with replacement) from each population were taken, and bootstrap samples plotted as the probability density estimate using the ksdensity function in MATLAB.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistics
All group comparisons were performed using two-sided non-parametric Wilcoxon signed-rank or Wilcoxon rank-sum tests. The nonparametric Kruskal-Wallis test with a Dunn's multiple comparisons post hoc test was used to compare multiple groups. To test the null-hypothesis that the population median value is 0 we used the one-sample signed-rank test. To test for normally distributed data, we used the one-sample Kolmogorov-Smirnov test. To test if two distributions differed we used the two-sample Kolmogorov-Smirnov test. Correlation coefficients were computed using Pearson's correlation test. Data plotted in figures are shown as mean ± SEM unless otherwise stated. We used no statistical methods to plan sample sizes, but used sample sizes similar to those frequently used in the field. Statistical significance was considered with p values < 0.05, with asterisks marking: *p < 0.05, **p < 0.01, and ***p < 0.001.
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